1. Introduction {#s0005}
===============

Interactions between transition metal ions and phenolic compounds are widespread in nature, and can involve complexation of metal ions by the phenols or their oxidation products, polymerisation and redox reactions. Although polymerisation and complexation reactions between Cu(II) and a number of polyphenols have been reported [@bb0005; @bb0010], it is generally assumed, especially in the biological literature [@bb0015; @bb0020; @bb0025; @bb0030; @bb0035], that redox is the major reaction process. In redox reactions between Cu(II) and polyphenol molecules, Cu(II) is reduced to Cu(I) and the hydroquinone (H~2~Q) is oxidised to the semiquinone (HQ). In a second oxidation step, the semiquinone (HQ) is oxidised to the quinone (Q) also by Cu(II) [@bb0040].

We have recently investigated the reaction between Cu(II) and gallic acid (GA) over a wide range of pH values, and found no evidence to support either reactions (1) or (2) [@bb0045]. The observed oxidation of GA in the alkaline pH region was the result of autoxidation, which was in fact inhibited by Cu(II). In that work, the EPR spectra, which were recorded in fluid solution only, indicated the formation of two, and possibly three, different complexes whose intensities depended on the pH and the Cu:GA ratio, along with the precipitation of a di- or polymeric EPR silent species in the approximate pH range 4--8.

There is extensive epidemiological evidence for the health benefits of green tea (e.g. [@bb0050]), and recently there have been proposals to make use of the metal chelating properties of its major polyphenol, epigallocatechin gallate (EGCG), in the treatment of neurodegenerative disorders (e.g. [@bb0055; @bb0060; @bb0065]). However, there is also evidence that the prion diseases, such as Creuzfeld-Jacob\'s disease and Alzheimer\'s, are associated with copper deficiency [@bb0070; @bb0075; @bb0080]. Thus it is important that the reaction between Cu and EGCG is understood as fully as possible, especially if the chemistry of EGCG mirrors that of GA where precipitation of copper complexes occurs at physiological pH values.

Although both GA and EGCG belong to the same family of polyphenols, there are important differences in their structures. The structure of GA is simple and consists of a carboxyl group attached to a pyrogallol entity ([Fig. 1](#f0010){ref-type="fig"}a). The structure of EGCG is more complex with two pyrogallol groups in the molecular structure (one on ring B and one on ring D ([Fig. 1](#f0010){ref-type="fig"}b), and one resorcinol group on ring A, but no free carboxyl group. Therefore the principal objective of the present investigation was to determine the extent to which the reactions of GA and EGCG with transition metal ions such as Cu(II) follow similar or different pathways, and to gain information on the complex formation of these polyphenols with Cu(II). For example, the formation of di- or polymeric species involving Cu(II) and the carboxylate group was proposed by Ferreira Severino et al. [@bb0045] for the identity of the "EPR silent" species in the reaction of Cu(II) with GA, but since there is no free carboxyl group in EGCG, a similar reaction would not be expected with that polyphenol.

In the previous report of the reactions between Cu(II) and GA, EPR spectra were only obtained from fluid solutions, since the objective of that investigation was simply to distinguish between the relative importance of redox, complexation and polymerisation reactions at different pH values. No anisotropic (rigid limit) spectral parameters were reported, although these could provide additional information on the Cu coordination environment in the mononuclear complexes. Furthermore, the Cu(II) spectra all showed the presence of linewidth anisotropy as a result of incomplete averaging of the anisotropic spectral parameters through molecular motion, but these were not analysed in detail apart from the derivation of approximate values for the isotropic g-values and hyperfine coupling constants. However, if the anisotropic values from the rigid limit spectra are available, it is possible to analyse the fluid solution spectral lineshapes to produce rotational correlation times that are related to the molecular masses of the complexes.

In the present paper we report the results of a comprehensive EPR spectroscopic investigation of the EGCG/Cu(II) system along with additional measurements on the GA/Cu(II) reaction to extend those reported by Ferreira Severino et al. [@bb0045]. Spectra were recorded with fluid and frozen solutions at X-band (\~ 9 GHz) and S-band (\~ 3 GHz) frequencies for samples with a wide range of pH values and Cu:polyphenol ratios. The use of S-band measurements for the EGCG/Cu(II) system is important for understanding the fluid solution results, because of the large linewidth anisotropy in the spectra recorded at X-band frequencies [@bb0085; @bb0090; @bb0095].

2. Materials and methods {#s0010}
========================

2.1. Sources of materials {#s0015}
-------------------------

Epigallocatechin gallate (EGCG, 95% purity) and gallic acid (GA, ≥ 98%) were purchased from Sigma--Aldrich Handels GmbH (Vienna, Austria), and copper sulphate anhydrous (CuSO~4~) was bought from Merck (VWR International GmbH, Vienna, Austria).

2.2. Sample preparation {#s0020}
-----------------------

Solutions of different concentration ratios of Cu:GA (1:0, 1:0.5, 1:1, 1:2, 1:10 for X-band measurements and 1:5 for S-band measurements) and Cu:EGCG (1:0, 1:0.5, 1:1, 1:2, 1:5 for X-band measurements and 1:5 for S-band measurements) were prepared with pH values ranging between 1 and 13 with a constant Cu(II) concentration of 2 mM. EPR spectra were recorded at room temperature and low temperature (77 K or 160 K) at both X- and S-band frequencies in solutions containing 5% glycerol, which was added to aid glass formation for the frozen solution studies.

2.3. EPR measurements {#s0025}
---------------------

EPR spectra were acquired as first derivatives of the microwave absorption with either a Bruker EMX CW spectrometer, operating at X-band frequencies (9 GHz) or a Bruker 200D SRC operating at S-band frequencies (3 GHz). For X-band measurements, a high sensitivity cavity was used and microwaves were generated by a Gunn diode; the microwave frequency was recorded continuously with an in-line frequency counter. Low temperature spectra were recorded using a quartz "finger dewar" containing liquid nitrogen inserted into the microwave cavity. S-band EPR spectra were obtained using a S-band bridge (v = 2--4 GHz) SB-1111 Jagmar (Poland), and low temperatures were controlled with a Bruker ER 4111VT variable temperature unit.

The Cu(II) EPR spectra were acquired using 20 mW microwave power (MP) for room temperature and 2 mW MP for low temperature measurements, 100 kHz modulation frequency (MF) and 1 mT modulation amplitude (MA). g-values were determined by reference to the signal of DPPH (g = 2.0036), which was used as an external standard.

2.4. Data analysis {#s0030}
------------------

Signal intensities of the fluid solution spectra were determined by double integration (DI) using the Bruker WINEPR software. For determination of the Cu(II) intensity, the DI of the whole Cu(II) spectrum was carried out, followed by subtraction of the DI of the intensity of the free radical signal in the measurements at very high pH.

Easyspin [@bb0100] was used for spectral simulation and analysis. Parameters were determined for the frozen solution spectra using the fitting function "pepper", and these were then used as the basis for simulation of the fluid solution spectra. The Easyspin software assumes the natural abundance ratio of ^63^Cu and ^65^Cu isotopes, but returns hyperfine splittings for the ^63^Cu isotope only; thus the tabulated results apply only to this nucleus (note: the Cu hyperfine parameters for many spectra reported in the literature give a weighted mean from the two isotopes). The frozen solution spectra were all simulated using a model assuming axial symmetry and co-axial g- and hyperfine matrices. For the latter, the spectra provide information on the absolute magnitudes of the A~//~ and A~⊥~ values, but not on their relative signs. Therefore, simulations to produce the rotational correlation signs were performed initially for situations where these principal values of the hyperfine coupling constant had the same or opposite signs. Fast motion solution spectra (S- and X-band spectra from Complex I, II, and III of GA/Cu and Complex I of EGCG/Cu) were simulated using the "garlic" function, whereas slow motion solution spectra (S- and X-band spectra from Complex II and III of EGCG/Cu) were fitted using the Easyspin function "chili".

3. Results and interpretation {#s0035}
=============================

3.1. Dependence of Cu(II) signals in fluid solutions on pH and polyphenol concentration {#s0040}
---------------------------------------------------------------------------------------

The Cu(II) spectral intensities at X-band frequencies are presented in [Fig. 2](#f0015){ref-type="fig"} as a function of pH for various Cu(II):polyphenol ratios for the Cu/GA and Cu/EGCG reaction systems. Similar curves are observed for both polyphenols; the total signal intensity, and hence the copper speciation, is dependent on both the pH and the Cu(II):polyphenol ratio. The results for the GA system ([Fig. 2](#f0015){ref-type="fig"}a) are similar to those reported previously for the Cu/GA system in 1:1 methanol/water [@bb0045], except for pH values \> 11 and low concentrations of GA. This is because glycerol is able to complex with Cu(II) at high pH when there is deprotonation of the --OH groups [@bb0105]. In the absence of polyphenol, the intensity of the Cu(II) signal was constant at pH \< 5.5, decreased to zero around pH 6.0, and it remained at zero to pH \> 11. In the presence of either EGCG or GA, the decrease in Cu(II) signal intensity occurred around pH 4.0, i.e. \~ 2 pH units lower than in the absence of polyphenol. There was little influence of polyphenol concentration on the spectral intensity at these acidic pH values. However, whereas no signal was observed around pH 6 in the Cu/GA system, except for the 1:10 Cu:GA ratio, a weak signal was observed with the Cu/EGCG solutions in the pH range 4--7. Under alkaline conditions, the intensities of the signals increased with increasing pH and polyphenol concentration, and at high pH and highest polyphenol concentrations approached those observed under acidic conditions.

Characteristic fluid solution spectra for Cu(II):EGCG in the ratio 1:5 at X- and S-band frequencies are given in [Figs. 3 and 4](#f0020 f0025){ref-type="fig"}, respectively. The complete set of X-band spectra at different pH values for various Cu(II):EGCG ratios is available as supplementary material (Figures S1--4). Corresponding results for the Cu(II)/GA system at S-band frequencies are presented in [Fig. 5](#f0030){ref-type="fig"}, whilst those at X-band frequencies have been published by Ferreira Severino et al. [@bb0045].

In the low pH-range (pH 1--4) the Cu(II) spectra originate mainly from the uncomplexed \[Cu(H~2~O)~6~\]^2 +^ ion ([Figs. 3](#f0020){ref-type="fig"}a, [4](#f0025){ref-type="fig"}a). Around pH 4, the spectral intensity decreased to near zero, but subsequently increased at higher pH values where the spectra were strongly dependent on both the pH and polyphenol concentration. Overall the spectra are consistent with three Cu(II)-EGCG complexes ([Figs. 3](#f0020){ref-type="fig"}b--d, [4](#f0025){ref-type="fig"}) (designated Complexes I, II, and III) , and these results are similar to those reported previously with the Cu(II)/GA system [@bb0045]. The spectrum from Complex I was always weak, and it was only observed at X-band frequencies; its intensity was too low to produce a spectrum at S-band frequencies. However, it dominated the weak EPR spectra obtained with both the EGCG and GA in the slightly acidic pH range. The contributions from both Complexes II and III increased with increasing pH above pH 7, and above pH 12, only complex III was detected in the solutions which contained more than 2-fold excess of the poyphenols. At this high pH, the spectrum of a Cu(II) glycerol complex was observed from solutions with lower polyphenol concentrations. Thus Complex III might correspond to mixed polyphenol/glycerol complexes of Cu(II), but the formation of a complex between Cu(II) and EGCG with a similar spectrum to that of Complex III in [Fig. 3](#f0020){ref-type="fig"}d was observed using pure H~2~O as the solvent (i.e. without glycerol). All of the spectra from the Cu(II) complexes are complicated by the presence of appreciable linewidth anisotropy; their analysis to produce estimates of rotational correlation times is described below (after consideration of the frozen solution spectra).

3.2. Frozen solution spectra of Cu(II)-GA and Cu(II)-EGCG complexes {#s0045}
-------------------------------------------------------------------

Representative frozen solution spectra from the Cu(II)/EGCG reaction at X-band and S-band frequencies are shown in [Figs. 6 and 7](#f0035 f0040){ref-type="fig"} for a Cu:EGCG ratio of 1:5. The g~//~ region in [Fig. 6](#f0035){ref-type="fig"} is expanded to provide better clarity, since this represents the part of the spectrum where different complexes (indicated by stick diagrams) can be discerned. The full range of X-band spectra is available as supplementary information (Figures S5-8). Very similar results were observed with the Cu:GA system and these are also available as supplementary information (Figures S9--12). The spectrum in [Fig. 6](#f0035){ref-type="fig"}a corresponds to the uncomplexed \[Cu(H~2~O)~6~\]^2 +^ ion, and that in [Fig. 6](#f0035){ref-type="fig"}b belongs primarily to Complex I. Increasing the pH gave results that correspond to mixtures of all three complexes in different ratios ([Fig. 6](#f0035){ref-type="fig"}c and d) and at very high pH, Complex III was the major species detected ([Fig. 6](#f0035){ref-type="fig"}e). The "pepper" function in the Easyspin software package was used to simulate the spectra of the three mononuclear Cu-EGCG complexes ([Fig. 8](#f0045){ref-type="fig"}), and their parameters are summarised in [Table 1](#t0005){ref-type="table"} along with the corresponding values derived by simulation of the Cu(II)/GA spectra.

The various Cu-complexes are distinguished by a progressive shift in g~//~ to lower values and A~//~ to higher values from the uncomplexed ion through Complex I to Complex III ([Table 1](#t0005){ref-type="table"}). [Table 1](#t0005){ref-type="table"} also includes the parameters for the Cu-glycerol complex, which can be formed at very high pH. However, since its g- and A-values differ significantly from those of Complex III, it can be concluded that polyphenol complexes dominate the spectra in high pH solutions with a Cu:EGCG ratio of 1:5. The shoulders on the low field side of the low field peak associated with the g~//~ features in [Fig. 6](#f0035){ref-type="fig"}b-e correspond to the ^65^Cu isotope (μ/(μ~N~I) (^65^Cu) = 1.5877 compared to μ/(μ~N~I) (^63^Cu) = 1.484897, [@bb0155]).

Representative spectra from Cu/EGCG at S-band frequencies are presented in [Fig. 7](#f0040){ref-type="fig"}, The spectra from the individual Cu isotopes are seen more clearly at this frequency, and are illustrated in the expanded spectrum in [Fig. 7](#f0040){ref-type="fig"}g. The corresponding results for the Cu/GA system are available as supplementary material (Figure S13).

3.3. Detailed analysis of the fluid solution spectra {#s0050}
----------------------------------------------------

Because of incomplete averaging of the spectral anisotropy, only one of the four Cu(II) hyperfine peaks (that at the highest field) is well resolved in the solution spectra of each of the Cu(II) EGCG complexes in fluid solution at X-band frequencies ([Fig. 3](#f0020){ref-type="fig"}). The high field peak of Complex I is clearly visible in [Fig. 3](#f0020){ref-type="fig"}b, but the spectra of Complexes II and III strongly overlap ([Fig. 3](#f0020){ref-type="fig"}c), and their individual components are not resolved from one another. However, the position of the high field peak from Complex III was determined from the spectrum recorded at very high pH where the contribution from Complex II was weak ([Fig. 3](#f0020){ref-type="fig"}d). Somewhat better resolution of the component peaks was observed in the fluid solution spectra from the Cu/GA system at X-band frequencies by Ferreira Severino et al. [@bb0045] (see also Figure S14 for a full set of data), but even with this smaller ligand the resolution was not good.

There are a number of reasons for the lack of resolution of the component peaks in the spectra. Firstly, the widths of the four individual hyperfine peaks are unequal because of incomplete averaging of the spectral anisotropy through molecular motion, and in addition the anisotropic data from the frozen solution spectra show that most samples contain more than one type of complex. Furthermore, the peaks from the individual ^63,65^Cu isotopes are not resolved from one another. Thus there are considerable uncertainties in deriving isotropic parameters from the X-band fluid solution spectra, and these spectra were only able to be analysed by using the parameters obtained from the frozen solution spectra ([Table 1](#t0005){ref-type="table"}) with partial motional averaging. Since the frozen solution spectra provide no information on the relative signs of A~//~ and A~⊥~, simulations were performed with the A~//~ and A~⊥~ values having the same and opposite signs. However, only the use of the same signs reproduced the experimental spectra.

The copper hyperfine peaks are much better resolved in the fluid solution spectra recorded at S-band frequencies ([Figs. 4 and 5](#f0025 f0030){ref-type="fig"}). The magnitudes of the A~iso~ values derived from these spectra ([Table 1](#t0005){ref-type="table"}) show clearly that A~//~ and A~⊥~ must have the same signs in Complexes II and III with both the Cu/GA and Cu/EGCG systems, thus providing support for the X-band analyses. Simulated parameters for the spectra of all Cu complexes detected in fluid and frozen solutions are reported in [Table 1](#t0005){ref-type="table"}, the values of A~iso~ being assumed to be equal to (A~//~ + 2A~⊥~)/3 for the X-band spectra. In addition, the results for the calculated rotational correlation times are summarised in [Table 2](#t0010){ref-type="table"}. These show that the mobility of the complexes decreased in the order Complex I \> Complex II \> Complex III for both polyphenols, and that the mobility of the EGCG complexes was considerably less than for the corresponding GA complexes.

4. Discussion {#s0055}
=============

The presence of three distinct mononuclear Cu(II) complexes was identified from the frozen solution spectra of the products of reactions with Cu(II) with both EGCG and GA, and the corresponding complexes from each polyphenol had similar values for their g- and hyperfine parameters. These results are consistent with the unpaired electron residing primarily in the 3d~x2-y2~ orbital in all of the complexes, and the similarities in the results from the two polyphenols suggests that the binding with Cu is similar with both, and hence that both involve chelation with a pyrogallol entity.

The values for the spectral parameters observed in the present measurements are similar to those reported by Oess et al. [@bb0005; @bb0010] for the Cu(II)-GA system. Based on the reported trends in g- and A(Cu)-values with coordination environment for Cu(II) amino acid complexes [@bb0120; @bb0125; @bb0130; @bb0135], Complexes I and II can be assigned respectively to *mono*- and *bis*- Cu(II) polyphenol complexes in both the EGCG and GA systems. The spectral parameters for Complex III are similar to those of Complex II, although Complex III has slightly larger A~//~ and A~iso~ and slightly smaller g~//~- and g~iso~-values with each polyphenol. The value of (A~//~-A~iso~) is proportional to the 3d~x2-y2~ electron density and the fact that its magnitude changes in the same direction as that of A~iso~ is consistent with core polarization of inner shell s-orbitals being the main source of A~iso~ (e.g. [@bb0140]) in these complexes. The fact that similar numbers are obtained for Complexes II and III for both GA and EGCG ([Table 1](#t0005){ref-type="table"}) strongly suggests that they all have similar Cu coordination environments, and that there is no major change in symmetery between Complexes II and III. Since it is well known that dimeric and polymeric species are formed as a result of autoxidation of polyphenols at high pH values [@bb0145], it is possible that Complex III involves one or more dimers of GA or EGCG attached to the Cu, although it is also possible that the differences between Complexes II and III simply represent a change in the phenolic groups coordinated to the copper. We do not consider that Complex III corresponds to the coordination of a third bidentate ligand to the Cu-atom as suggested by Oess et al. [@bb0005; @bb0010]. Such a complex should have some population of the Cu 4 s orbital, and hence a much reduced value of A~iso~ (since polarization of inner shell orbitals give the opposite sign to population of the 4 s orbital [@bb0140]). Finally, we cannot exclude the possibility that Complex III corresponds to a mixed polyphenol/glycerol complex, but in the absence of further evidence any assignment must be regarded as speculative.

The anisotropy in the linewidths in the fluid solution spectra provides information about the mobility of the Cu-complexes, which can be expressed as rotational correlation times. Rotational correlation times are influenced by molecular size and shape and by solvent viscosity, although the last of these can be ignored in the present work, because the same solvent composition was used for all measurements. In mononuclear Cu(II) complexes, the major factors affecting the correlation times are, therefore, the size and number of ligand molecules that are coordinated to the copper. The rotational correlation times increase in the order Complex I \< Complex II \< Complex III for each of the polyphenols, and are consistent with a progressive increase in molecular mass, as proposed from analysis of the spectral parameters in the previous paragraph. The values for the Cu/EGCG system are also appreciably greater than the corresponding values for Cu/GA, as expected for the larger size of the EGCG ligand. Although the trend is the same for X- and S-band results -- the rotational correlation times are higher with Complex III than with Complex II -- the absolute values differ between the two spectrometer frequencies ([Table 2](#t0010){ref-type="table"}). This result is puzzling, but it may be the consequence of the difficulty in precisely analysing the spectra when the solutions contain a mixture of species. With both polyphenols, there is a mixture of complexes at most alkaline pH values, and with EGCG there is the further complication of two resorcinol groups in the polyphenol. Finally, there is the potential problem that the axial symmetry model may not be precisely correct for all of such components. Thus it was not considered appropriate to attempt to further refine the values reported in [Table 2](#t0010){ref-type="table"}.

Since the effect of molecular rotational correlation time on the shape of an EPR spectrum is dependent on the spectrometer operating frequency, measurements at lower frequency (S-band) [@bb0085; @bb0090] provided better resolution of fluid solution spectra than those at X-band frequencies. Thus the isotropic spectral parameters for Complexes II and III were able to be determined directly from the S-band spectra, and these results confirmed that the anisotropic hyperfine coupling constants have the same sign, and thus provide agreement with the restricted motion analysis of the X-band spectra.

With each complex, there are small differences between the parameters from the simulations of the frozen and fluid solution spectra, the biggest deviation being observed for Complex III. There are a number of possible explanations for these discrepancies. Firstly, the axial symmetry model assumed for the low temperature simulations may not be strictly correct, and the g- and A-matrices may not be co-axial; in addition there could also be a quadrupolar interaction as a result of the appreciable electric field gradient that can exist at the Cu atom in tetragonal symmetry. Secondly, the process of freezing could favour a certain conformation for a complex, whereas in fluid solutions a number of conformational states could be in equilibrium. Thirdly, at high pH values (i.e. Complex III), dimers of GA or EGCG might be involved in the complexes. However, many of the spectra are derived from more than one complex, the spectra of which are not resolved from one another at RT, so it is inappropriate to discuss these details further.

Characterisation of the EPR silent species that are formed at weakly acidic pH values is problematic. With the Cu/GA system, Ferreira Severino et al. [@bb0045] showed that the loss of signal was not the result of reduction of Cu(II) to Cu(I), and proposed that the EPR silent species involved the formation of di- or polymeric complexes with coordination of the carboxyl group, as seen with simple carboxylic acids. However, coordination of carboxyl groups is not an option with EGCG, and any extended structure with this polyphenol must be based on coordination of pyrogallol groups. However, the similarity of the results with GA and EGCG indicates that the chemistry of the reactions with Cu(II) of both phenols is similar, and suggests that the EPR silent species involve extended structures in which the Cu is coordinated to the pyrogallol moiety.

The complexation chemistry of EGCG is further complicated by the presence of two pyrogallol groups in the same molecule. In previous work on the oxidation of EGCG [@bb0150], it was shown that the site of oxidation is dependent on the experimental conditions, and that the relative reactivities of the B and D rings is not always the same. The pH of the solution could be a factor in determining this, since it also determines the degree of proton dissociation. Thus it is possible that the products of reaction between Cu(II) and EGCG are not discrete molecules, but a group of closely related complexes. Nevertheless, the EPR results are consistent with those from the Cu(II)/GA system, and are consistent with the formation of extended structures at acidic pH values, with the formation of mononuclear Cu(II) complexes gaining in importance at higher pH values and EGCG concentrations. Furthermore, as stated by Ferreira Severino et al. [@bb0045] for the Cu(II)/GA system, there is no convincing evidence for any redox reaction between Cu(II) and either of the polyphenols.

5. Conclusions {#s0060}
==============

The chemistry of the reactions of Cu(II) with the polyphenols EGCG and GA is similar, although the molecular mass of EGCG is four times that of GA with several more phenolic groups, but lacking any carboxyl group. With both polyphenols, EPR silent species are formed at weakly acidic pH values, and strong evidence is presented for these having extended structures rather than being the consequence of reduction of Cu(II) to Cu(I). The polyphenols, therefore, result in the removal of Cu from solution at an appreciably lower pH than is observed in the absence of the polyphenol (by \~ 2 pH units). Such a reaction may, therefore, have significance for understanding the biological activity of these polyphenols, since GA is often used as a food additive, and EGCG, the main polyphenol in green tea, is also widely consumed. Furthermore, EGCG has been proposed as a medicine for the treatment of neurological disorders on the basis of its metal complexing ability. However, the present work shows that the formation of mononuclear Cu(II) chelates is only important at alkaline pH values, and these are not likely, therefore, to feature strongly in biological systems.

Appendix A. Supplementary data {#s0065}
==============================

Supplementary figures
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![Molecular structures of (a) gallic acid (GA) and (b) epigallocatechin gallate (EGCG).](gr1){#f0010}

![Variation of the overall Cu(II) signal intensity as a function of pH for 2 mM Cu(II) in aqueous solution containing 5% glycerol in the presence of various concentrations of (a) gallic acid (GA) and (b) epigallocatechin gallate (EGCG), Cu:polyphenol 1:0 (□), 1:0.5 (♦), 1:1 (■), 1:2 (▲), 1:5 (EGCG) or 1:10 (GA) (●).](gr2){#f0015}

![Representative X-band EPR spectra of Cu-EGCG complexes in fluid solution at different pH values; (a) uncomplexed Cu(II), (b) complex I and II, (c) complex II and III, (d) complex III and free radical (which is cut for better clarity). The high field peak of each complex is indicated by an arrow. The concentration ratio of Cu:EGCG was 1:5.](gr3){#f0020}

![Representative S-band EPR spectra of Cu-EGCG complexes in fluid solution at different pH values. The concentration ratio of Cu:EGCG was 1:5.](gr4){#f0025}

![Representative S-band EPR spectra of Cu-GA complexes in fluid solution at different pH values. The concentration ratio of Cu:GA was 1:5.](gr5){#f0030}

![Characteristic frozen solution spectra for Cu(II):EGCG in the ratio 1:5 recorded at 77 K at X- band frequencies and different pH values. For each spectrum the low field region is also presented in expanded form, and the positions of the g~//~ peaks for the individual ^63^Cu complexes are indicated by stick diagrams. The shoulder on the low field side of the ^63^Cu peak at lowest field in (b--d) corresponds to part of the spectrum from the ^65^Cu isotope from Complexes I and II. The feature to lowest field in (e) corresponds in part to the ^65^Cu isotope of Complex III and in part to the ^63^Cu isotope of Complex II.](gr6){#f0035}

![Representative frozen solution S-band spectra for various species formed in the Cu(II): EGCG (1:5) reaction system (a--f), along with an expansion of the peaks associated with the g~//~ feature in (f) showing the contributions from the individual ^63^Cu and ^65^Cu isotopes.](gr7){#f0040}

![Simulations of the spectra of the individual components observed with the Cu(II):EGCG (1:5) reaction system; (a) the uncomplexed Cu(II) ion (pH 1), (b) Complex I (pH 4), (c) Complex II (pH 8), and (d) Complex III (pH 13) as examples for X-band and (e) Complex II (pH 9) and (f) Complex III (pH 12) as examples for S-band frequencies.](gr8){#f0045}

###### 

g- and A-values for frozen solution spectra of Cu(II) with EGCG or GA derived from spectral analysis using the "pepper" subroutine in the Easyspin software [@bb0100].

                                     g~//~   g~⊥~    g~iso~   A~//~[a](#tf0005){ref-type="table-fn"}   A~⊥~[a](#tf0005){ref-type="table-fn"}   A~iso~[a](#tf0005){ref-type="table-fn"}   A~//~ − A~iso~[a](#tf0005){ref-type="table-fn"}
  ------------------------- -------- ------- ------- -------- ---------------------------------------- --------------------------------------- ----------------------------------------- -------------------------------------------------
  *Cu-EGCG, LT*                                                                                                                                                                          
  Complex I                 X-band   2.324   2.064   2.151    157                                      4                                       55                                        102
  S-band                    n.d.                                                                                                                                                         
  Complex II                X-band   2.281   2.052   2.128    171                                      28                                      76                                        95
  S-band                    2.282    2.053   2.129   171      28                                       76                                      95                                        
  Complex III               X-band   2.251   2.052   2.119    190                                      28                                      82                                        108
  S-band                    2.254    2.054   2.121   182      28                                       79                                      103                                       
                                                                                                                                                                                         
  *Cu-EGCG, RT*                                                                                                                                                                          
  Complex I                 X-band   2.324   2.064   2.151    154                                      4                                       54                                        100
  S-band                    n.d.                                                                                                                                                         
  Complex II                X-band   2.274   2.05    2.124    170                                      28                                      75                                        95
  S-band                    2.280    2.055   2.130   171      28                                       76                                      95                                        
  Complex III               X-band   2.254   2.053   2.120    177                                      24                                      75                                        102
  S-band                    2.254    2.054   2.121   178      28                                       78                                      100                                       
                                                                                                                                                                                         
  *Cu-GA, LT*                                                                                                                                                                            
  Complex I                 X-band   2.32    2.055   2.143    152                                      23                                      66                                        86
  S-band                    n.d.                                                                                                                                                         
  Complex II                X-band   2.28    2.052   2.128    172                                      28                                      76                                        96
  S-band                    2.265    2.053   2.124   178      28                                       78                                      98                                        
  Complex III               X-band   2.248   2.05    2.115    187                                      29                                      82                                        105
  S-band                    2.253    2.053   2.120   184      28                                       80                                      104                                       
                                                                                                                                                                                         
  *Cu-GA, RT*                                                                                                                                                                            
  Complex I                 X-band   2.32    2.068   2.152    139                                      17                                      58                                        81
  S-band                    n.d.                                                                                                                                                         
  Complex II                X-band   2.27    2.052   2.124    170                                      28                                      75                                        95
  S-band                    2.27     2.065   2.133   176      26                                       76                                      100                                       
  Complex III               X-band   2.26    2.05    2.119    174                                      28                                      77                                        97
  S-band                    2.27     2.06    2.130   176      28                                       77                                      99                                        
  Cu-glycerol complex, LT   X-band   2.241   2.048   2.112    189                                      30                                      83                                        106

In Gauss

###### 

Rotational correlation times (s) for the Cu(II)-EGCG complexes derived from spectral analysis using the Easyspin software [@bb0100].

                  Rotational correlation time (s)              
  --------------- -------------------------------------------- ------------------------------------------
  *Cu-GA, RT*                                                  
  Complex I       9.0e − 11[a](#tf0010){ref-type="table-fn"}   n.d.
  Complex II      1.3e − 10[a](#tf0010){ref-type="table-fn"}   1.0e-10[a](#tf0010){ref-type="table-fn"}
  Complex III     1.7e − 10[a](#tf0010){ref-type="table-fn"}   1.1e-10[a](#tf0010){ref-type="table-fn"}
                                                               
  *Cu-EGCG, RT*                                                
  Complex I       1.9e − 10[a](#tf0010){ref-type="table-fn"}   n.d.
  Complex II      3.9e − 10[b](#tf0015){ref-type="table-fn"}   9.0e-10[b](#tf0015){ref-type="table-fn"}
  Complex III     8.0e − 10[b](#tf0015){ref-type="table-fn"}   9.4e-10[b](#tf0015){ref-type="table-fn"}

calculated using subroutine "garlic".

calculated using subroutine "chilli".
